The dissociation of water to hydrogen and oxygen requires energy of ~G298 = 228 kJ/mole. By irradiating a semiconductor with light of energy greater than this amount, one may product electrons in the excited ~tate and ele~tron vacancies at the surface that can perform the photochemical reduction (2H + 2e-+ 2H + H 2 ) and oxidation (20H-+ 2+ + H 2 o 2 + H 2 o + (1/2)0 2 ).
I. Introduction
Chemical interactions between molecules in excited electronic, vibrational, or rotational states and surfaces is a new field of catalytic science. Until recently, catalysis of chemical reactions has only been considered for molecules in their themodynamic ground states. Most of the surface reactions to be catalyzed were exothermic or thermodynamically downhill. In carrying out endothermic reactions, the only source of energy considered has been the addition of heat. This also assured that the molecules maintained an equilibrium energy distribution throughout the reaction.
There is growing evidence from fields other than catalysis that when molecules are allowed to react from excited electronic or vibrational states, they often take different reaction paths than would be available from a ground state configuration. Some examples of this are the deposition of materials from low energy plasmas, the formation of compounds under bombardment by high energy particles, or the application of explosions to induce bonding. Such techniques can lead to the formation of unique coatings, improved adhesion, or better electrical contact between materials.
Photoassisted thermodynamically uphill reactions such as the photodissociation of water to hydrogen and oxygen are one class of these excited state reactions. The process of using photons to dissociate stable and abundant molecules like water and carbon dioxide could, if successful, provide for chemicals or for fuel. It is somewhat surprising how little catalytic chemistry has been published using carbon dioxide or methane as carbon sources, or using water for a source of hydrogen or oxygen.
~
The catalyzed photodissociation of water has been receiving increased attention since the early 70's, when the first experiments on the photoelectrochemical dissociation of water were reported.! When a strontium titanate (SrTi03) anode was illuminated with light of greater than bandgap energy in a basic solution using a Pt counterelectrode, ~ydrogen and oxygen evolution occurred at the cathode and anode respectively without the use of any external potentia1. 2 The reaction was catalytic and the electrodes showed no sign of deactivation.
The electronic state of an n-type semiconductor such as SrTi03 immersed in solution is well understood (Figure 2 ). Water photodissociation may also be observed when the platinum cathode is substituted with a ptype semiconductor such as gallium phosphide. In this circumstance, both the semiconductor anode and cathode must be illuminated with light of energy greater than their respective bandgaps. While both configurations may photodissoclate water, these two types of photoelectrochemical cells have one essential difference. The n-type semiconductor/metal cell requires illumination of only the semiconductor anode, while the n-type/ptype semiconductor cell requires the illumination of both electrodes simultaneously to induce water photodissociation.
The thermodynamic conditions necessary to carry out this photochemical reaction have been investigated 3 and give restrictions pn the location of semiconductor band edges in solution. The conduction band edge must be + anodic with respect to the H /H 2 half reaction, while the valence band edge must be cathodic with respect to the o 2 /0H-redox couple. This way, electrons at the cathode can produce hydrogen atoms, while electron transfer from OH-to hole states in the valence band will produce OH radicals, which can then be dimerized to HzOz, that splits up to produce oxygen. Figure 3 shows the conduction and valence band edges for a number of oxides. In order to qualify as a suitable electrode, a material must satisfy three basic criteria. It must have a bandgap larger than 1.23 eV (6G for the reaction H 2 o + OH-+ H+). In addition, band edges must be appropriately positioned with respect to the redox couples as described above. Finally, the material must be chemically stable under the reaction conditions.
As seen in Figure 3 , SrTi03 satisfies the thermodynamic conditions remarkably well, while Fez03 does not. In·fact, SrTi03 has been found to photodissociate water with about 5% efficiency (calculated as hydrogen energy produced divided by the total photon energy) even in the short circuit configuration as shown in Figure 4 . Thus when small particles or single crystal surfaces of SrTi03 are platinized and illuminated with .
• -5-light of energy greater than the bandgap of 3.1 eV, the steady state evolution of hydrogen and oxygen can readily be observed. The rate of gas evolution is greater if the SrTi03 is pre-reduced in a hydrogen furnace and the electrolyte solution has a pH of.l4 or greater. These findings indicate that this is not only an electrochemical process, but that water photodissociation over this material involves both photoelectrochemical and photocatalytic reactions. Figure 7 shows the intensity of the Ti 3 + signal as water is adsorbed on the surface in the form of DzO and the surface is illuminated. Upon illumination, deuterium gas evolves and the Ti 3 + signal diminishes, indicating that surface ions are being oxidized -7-to Ti4+. In the dark, oxygen desorption occurs and the surface returns to its reduced state. Upon illumination in the presence of adsorbed water, the process repeats. Thus, it appears that the photon interaction with the surface results in an oxidation/reduction reaction, involving a charge transfer for the transition metal ion from the T 3 + to the Ti 4 + oxidation state, which is subsequently returned to its reduced state. In Figure 10 , the importance of the presence of alkali hydroxide in this process is demonstrated. As one increases the hydroxyl ion concentration in the electrolyte solution, there is an increased rate of hydrogen evolution. Photoelectron spectroscopy indicates that the surface ls completely hydroxylated. In Figure 11 , the top curve shows the UPS spectrum from sodium hydroxide. The three electronic transitions are the fingerprints of the presence of OH-ions. It is clearly seen that the strontium titanate surface in the presence of hydrogen or water shows the same fingerprint. Thus we can infer that a strontium titanate surface which is active towards water photodissociation is completely hydroxylated.
The hydroxylation of the oxide surface does not occur readily at room temperature, and the presence of potassium hydroxide or other alkali hydroxides seems to catalyze this process. This is the reason that alkali hydroxide plays such an important role when the reaction is carried out at 300K. However, if we carry out the reaction at 450-SOOK in the presence of steam, alkali hydroxides are not needed. Under these circumstances, the surface is read~ly hydroxylated and hydrogen evolution commences without the presence of alkali hydroxides.S Next, we investigate the importance of the presence of platinum or .
other metals on the surface in accelerating this reaction. Table I indicates that the reaction occurs faster in the presence of metals on the surface. Platinum seems to he more active than gold, while gold is more active than strontium titanate without any metal. Hydrogen atom recombination is one of the elementary reaction steps leading to the formation of hydrogen gas after the photodissociation of water. Strontium titanate does not carry out hydrogen atom recombination well; however, platinum is an excellent catalyst for this process. Thus, the best water splitting system would involve strontium titanate that carries out the photodissociation process, alkali hydroxides that keep the surface continuously hydroxylated, and metal that is needed for hydrogen atom recombination.
-9-Let us summarize these important findings that indicate the complexity of this process:
(1) Irradiation by energy hv > 3.1 eV is needed to induce water photodissociation over SrTi03.
(2) Alkali hydroxides such as KOH catalyze the hydroxylation of the strontium titanate surface and facilitate water dissociation. (4) Transition metals such as Pt at the strontium titanate surface accelerate water photodissociation by catalyzing the formation of hydrogen molecules from atoms.
These observations provide information on many of the elementary reaction steps, so one can propose a simple reaction mechanism for the photodissociaton of water on strontium titanate surfaces. This mechanism is shown schematically in Figure 12 . 6 In the dark, strontium titanate consists of titanium atoms in the Ti 4 + oxidation state. Upon illumination, a photoelectron that is generated by bandgap or higher energy radiation reduces the Ti 4 + to Ti 3 +. The electron vacancy takes the charge from the OHion and converts it into a peroxide molecule that splits up oxygen. The surface is left in a reduced state that is ready to adsorb another molecule of water which reoxidizes the surface to Ti 4 + and produces hydrogen in the process. Then, the reaction will repeat itself in a catalytic manner.
This mechanism is consistent with all experimental information available on the photodissociation process over strontium titanate at present. Information on flatband potentials can therefore be used to generate an energy level diagram as shown in Figure 18 . This shows the interfaces between .the electrolyte and the n-type or p-type surfaces. We have determined band edges from Mott Schotttky plots as described above and extrapolated using the measured bandgap (2.3 eV) to find the alternate band edges. The Fermi level was determined by connecting an operating assembly through a high impedance voltmeter to a reference electrode.
From this diagram, one can easily see how the p/n assembly operates.
Upon illumination in solution, electron hole pairs are produced in both the p-type and n-type iron oxides. In the p-type electrode, electrons are driven through the depletion layer towards the interface where they convert hydronium ions in solution to hydrogen gas. Conversely, vacancies driven to the n-type interface convert hydroxyl species to oxygen gas.
In both electrodes, the majority carriers migrate away from the surface to produce the observed photocurrents. Thus hydrogen evolution occurs at the p-type electrode and oxygen evolution takes place at the n-type electrode.
·•
. clearly shows_ that oxygen was evolved when the .p-type and n-typ,e _iron oxide electrodes_ were connected ~nd illuminated in solution, but that no oxygen was produced when the electrode~. wer47 disconnected.
.'· ·,
Another important consideration for the viability of this process for solar energy conversion is the long term stability of these oxides in solution. Figure 21 shows the photocurrents generated by an illuminated p-type/n-type iron oxide assembly as a function of time after the first immersion in solution. Initially, photocurrents and the corresponding gas production rates were low. However these photocurrents gradually 
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Fre~ energies for the dissociation·of H20 and Co 2 related to the electrochemical energy scale (RHE).
Solid state models of band bending for n-type and p-type semiconductor electrodes immersed in aqueous solution. a) n-type semiconductor electrode short circuited to a Pt electrode, b) n-type (Ti02) electrode in electrical contact with a p-type (GaP) electrode.
Location of conduction and valence band edges of oxide semiconductors relative to the hydrogen and oxygen redox couples.
Photoelectrolysls with suspensions of catalyst coated semiconductor particles.
Steady state hydrogen evolution from a platinized strontium titanium (reduced) crystal immersed in lN KOH.
Surface analyses of reduced SrTi03:Ti:O ratio~ determined by Auger electron spectroscopy, and the presence of Ti + and Ti 4 + ions determined by X-ray photoelectron spectroscopy and ultraviolet photoelectron spectroscopy.
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Simultaneous evolution of n 2 gas and the oxidation of Ti to Ti after water (D20) adsorption is shown by moni §oring the D2 gas by mass spectrometry and the intensity of the Ti + signal with ELS.
Thermal desorption 8 of water following adsorption of isotopically labelled water (H 1 0) on a SrTi03 crystal. 2 Thermal desorption from SrTi03 following adosrption of D20 or D2• Hydrogen evolution from a SrTi03/Pt. Dependence on hydroxyl concentration in the electrolyte solution.
The same characteristic features are seen by comparison of the UPS spectra of hydroxyl ions and SrTi03 exposed to hydrogen or water.
A simple reaction mechanism for the photodissociation of water on strontium titanate surfaces.
Photocurrents for n-type (Si-doped) and p-type (Mg-doped) iron oxide electrodes under biased conditions. Schematic illustration of p/n assembly for the photodissociation of water using doped iron oxide electrodes.
Measured quantum efficiencies as a function of wavelength for doped and pure iron oxide.
Bandgap determinations of doped iron oxide electrodes from photocurrent dependence on wavelength. Table I -17-Mott-Schottky plots of the inverse square of space charge capacitance versus applied potential for n-type and p-type iron oxide electrodes.
Energy level diagram depicting band edge locations of doped iron oxide electrodes relative to hydrogen/oxygen redox couples.
Open circuit voltage generated between p-type and n-type electrodes immersed in solution as a function of illumination intensity at 411nm and 544nm.
Oxygen evolution from a p/n assembly with doped iron oxide electrodes.
Photocurrent as a function of time for a p/n assembly during the first immersion.
A summary of hydrogen evolution rates from stoichiometric and pre-reduced SrTi03 crystals in varied NaOH environments and with metal catalysts deposited on the surface. ' 12 Binding ... .. 
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